tion steps occur before mature 25S/28S, 18S, 5.8S, and 5S rRNA are generated (Warner, 1989 (Warner, , 1999 Tollervey, 1996) . Moreover, many non-ribosomal factors transiently associate with the pre-rRNAs and r-proteins, GTPases, methlytransferases, ribosomal-like proteins, 90S on sucrose gradients, and coprecipitated both the 35S pre-rRNA and the U3 snoRNA. Thirty-five non-AAA-type ATPases, and factors required for intranuclear ribosomal proteins were coprecipitated, including movement of pre-ribosomes. proteins associated with U3 (Nop56p, Nop58p, Sof1p, A fundamental question in ribosome synthesis is how Rrp9, Dhr1p, Imp3p, Imp4p, and Mpp10p) and other the machineries required for 40S and 60S synthesis infactors required for 18S rRNA synthesis (Nop14p, teract. It has long been known that there is considerable Bms1p, and Krr1p). Mutations in components of the autonomy in the two pathways, since many factors re-90S pre-ribosomes impaired 40S subunit assembly quired for the early pre-rRNA processing events at sites and export. Strikingly, few components of recently A 0 , A 1 , and A 2 and for 18S rRNA synthesis are not required characterized pre-60S ribosomes were identified in for synthesis of the 25S and 5.8S rRNAs. These early the 90S pre-ribosomes. We conclude that the 40S syncleavages are dispensable in part because 25S/5.8S thesis machinery predominately associates with the synthesis can be initiated independently by cleavages in 35S pre-rRNA factors, whereas factors required for ITS1 (see Figures 4A and 4B) . In contrast, it subsequently 60S subunit synthesis largely bind later, showing an became clear that mutation of almost any factor required unexpected dichotomy in binding.
Introduction would impact the later pathway of 60S synthesis, which The formation of eukaryotic ribosomes occurs predomiis not generally the case, whereas it was less clear why nantly in the nucleolus, but late maturation steps also late defects would inhibit earlier steps. This led to the take place in the nucleoplasm and cytoplasm (for recent "processome" model in which it was envisaged that review see Kressler et al., 1999) . This most complicated both the 40S and 60S synthesis machinery bound to the assembly starts with the synthesis of more than 80 ribo-35S pre-rRNA, thus making sure that all components somal (r-) proteins in the cytoplasm, which are subsewere present to ensure rapid and efficient processing. quently imported into the nucleolus. The two rRNA precurHere we will show that the early events during ribosors, the 35S pre-rRNA transcribed by RNA polymerase I some synthesis may happen differently than initially asand the 5S pre-rRNA transcribed by Pol III, are generated sumed but will offer an explanation for the observation from rDNA in the nucleolus (Woolford, 1991) . Following that defects in early processing steps specifically inhibit transcription and assembly of early r-proteins onto the 40S synthesis. Starting from a protein predicted to funcpre-rRNAs, many rRNA processing and base-modification in 40S subunit synthesis, we have identified many components of the early pre-ribosomes. These are associated with much of the 40S subunit synthesis machin- ery, but with almost no components that were previously all of these are essential and conserved in evolution, supporting their function in ribosome synthesis. Imporshown to be associated with the 60S pre-ribosomes. tantly, several of the Pwp2p-associated proteins were Results previously characterized nucleolar proteins with known roles in 18S rRNA processing (e.g., Sof1p, Mpp10p, Recent studies reported the isolation of different 60S Nop56p, Nop14p, Rrp5, Imp3p, Imp4p, and Rrp9p). precursor particles by employing a stringent tandem To investigate the specificity of these associations, affinity purification (TAP) of tagged proteins that are we generated TAP-tagged constructs for several of the implicated in ribosome synthesis and nuclear export Pwp2p-associated proteins and identified copurifying ( Figure 1B ). The bands in the low molectify precursors to the 40S subunit, we screened for puriular weight range represent predominantly Rps proteins fied protein complexes that revealed a distinct enrich-(see also Figures 2 and 3) . However, the different purified ment of small subunit (Rps) over large subunit (Rpl) bait proteins also exhibit unique bands or comigrating proteins (Figures 2 and 3) .
bands that are present in overstoichiometric amounts The starting example was Pwp2p (periodic tryptophan (see also below). Some of the bands correspond to the protein 2; Shafaatian et al., 1996), which was reanalyzed bait proteins, which carry the calmodulin binding pepand found to be associated with predominantly 40S subtide tag and thus shift in molecular weight ( Figure 1B , unit ribosomal proteins (Rps1p, Rps4, Rps5p, Rps7p, indicated by a star). Taken together these analyses deRps9p, Rps11p, Rps13p, Rps16p, Rps22p) (Figures 1A, fined a cluster of many (Ͼ30) common non-ribosomal 2, and 3). Many non-ribosomal proteins copurified with proteins, which are predominantly associated with ribosomal S-proteins ‫6ف(‬ on average per entry point) and Pwp2p, ranging in size from ‫02ف‬ to ‫002ف‬ kDa. Almost to a lower extent L-proteins ‫2-1ف(‬ on average per entry Yhr196w, Ydr449c, Noc4p) are predominantly present in very large particles that sediment broadly with a peak point; Figures 2 and 3) . In addition to these core subunits, additional components (between 10 and 15) were slightly below 80S ( Figure 5A ). The 35S pre-rRNA was also detected in this region of the sucrose gradient (Milkcoenriched with some of the core complex members (see Supplemental Table S1 at in these dense fractions of the sucrose gradient but are also found at positions where 40S subunits and 43S RNA components of these complexes were identified by primer extension and Northern hybridization on RNA precursors sediment ( Figure 5A ). These data show that all the tested tagged proteins are present in large particoprecipitated with each of the TAP-tagged proteins. Strikingly, the 35S pre-rRNA transcript (for schematic cles, which are strongly predicted to be pre-ribosomes. Particles larger than 80S presumably represent early drawing and rRNA processing, see Figures 4A and 4B) was coprecipitated in clear amounts with most of these 90S pre-ribosomes. Enp1p exhibited distinct sedimentation behavior on sucrose gradients with a strong peak proteins ( Figure 4C ). Moreover, the U3 snoRNA was found to be associated with many of the reverse-tagged in the 40S and a diminished signal in the 90S region of the gradient ( Figure 5A ). This is consistent with the RNA and purified protein baits, but its yield was more variable ( Figure 4C We next sought to determine the size of the newly protein purifications (see Figure 1B) . We conclude that the fraction of Pwp2p that is unassociated with preidentified pre-ribosomal particles. Sucrose density gradient centrifugation was performed to analyze the sediribosomes is not free but is present in a 600 kDa complex. Whether it is this complex that binds to the assemmentation behavior of Pwp2p and the other bait proteins selected for TAP tagging. The OD 260nm profile of these bling pre-ribosomes remains to be determined. Other TAP-tagged protein baits were purified and analyzed by gradients reveals the partitioning of 40S and 60S subunits, 80S ribosomes, and polysomes ( Figure 5A , upper gel filtration chromatography. Each of these resembled Pwp2-TAP with a peak in the 4-6 MDa range (correpanels). The sedimentation of TAP-tagged proteins present in whole-cell lysates was determined by Westsponding to fractions 9-11) that yields a complex pattern of bands (shown for Krr1p in Figure 6B ; for other baits ern blot analysis ( Figure 5A bands was found in a second peak on the gel filtration We wanted to gain functional evidence that core components of the ‫09ف‬S particles are essential for 40S subcolumn ( Figure 6B, fractions 13-16) , which is distinct from the ‫006ف‬ kDa complex associated with Pwp2p-unit biogenesis and export to the cytoplasm. Previous work showed that 18S rRNA is not produced in krr1 TAP ( Figure 6A, fractions 19-22) . The ‫6-4ف‬ MDa complex that was seen for each of the TAP-tagged proteins mutant strains, whereas 25S rRNA is made in normal amounts (Sasaki et al., 2000) . We therefore tested charanalyzed is likely to correspond to the ‫09ف‬S particles identified by sucrose gradient centrifugation (see Figacterized krr1 ts mutants (krr1-17 and krr1-18 ; see Sasaki et al., 2000) for defects in nuclear export of 40S ure 5A). Figure 2) . In the kre33-1 ts strain, export indicating that the processing factors involved in 40S synthesis assemble onto the 35S pre-rRNA prior to asof 40S but not 60S subunits was impaired at the restrictive temperature, which can be seen by a distinct nucleosembly of the 60S synthesis machinery. Some variation was observed in the particles purified lar accumulation of the small subunit reporter ( Figure  7A ). Moreover, a strong decrease in 40S subunits on with different bait proteins. This may reflect genuine differences, perhaps indicative of an ordered assembly polysomal gradients was observed in the kre33-1 ts strain upon shift to 37ЊC ( Figure 7B 
